The accumulation of irradiation-induced disorder in SrTiO 3 single crystals irradiated at 16 K with 200 keV Ar ions has been investigated using Rutherford backscattering spectrometry along the h100i channeling direction and compared with previous results obtained at 300 K under identical irradiation conditions. As expected, amorphization at 16 K occurs at a much lower fluence than at 300 K due to dynamic recovery of irradiation-induced defects at 300 K. Utilizing a comprehensive damage accumulation model for analysis of the data, irradiation at 16 K results only in the formation of point defects and amorphous pockets, while defect clusters are also formed at 300 K. High defect mobility under irradiation at 300 K tends to promote recombination and clustering of point defects. These results suggest that defect diffusion processes in SrTiO 3 are not thermally active at 16 K.
Introduction
It is well established that ion irradiation can be employed to tune the electro-optical properties of strontium titanate (SrTiO 3 ). One approach is to use noble gas ions, such as argon at low energies, to form oxygen vacancies in the near-surface region, which trap excess electrons, thereby transforming SrTiO 3 from an insulator to a conducting material [1] . Irradiation with Ar ions has also been applied to produce a two-dimensional electron gas in the vicinity of the SrTiO 3 surface [2] . Moreover, blue light emission has been reported in Ar-irradiated SrTiO 3 [3] . More recently, red light emission has been reported in ionirradiated SrTiO 3 under different irradiation conditions [4] . Due to the discovery of these exquisite physical properties, SrTiO 3 has become an increasingly important functional oxide for many electronic and optoelectronic applications. However, in many of these applications, it is desirable to employ ion irradiation to modify functional properties without losing crystalline order or transparency [5] . Consequently, ion irradiation can be used to induce and study a large variety of micro-or macrostructural changes (e.g., creation of point defects or extended defects [6] , track formation [7, 8] , partial or total amorphization [9] ) in SrTiO 3 that can lead to technological advances [10] . While the physical phenomena underlying irradiation-induced damage accumulation in SrTiO 3 have been of interest for many years [6, [9] [10] [11] [12] [13] [14] , a comprehensive understanding is essential on defect dynamics at cryogenic temperatures (e.g., 16 K) that correspond to the temperature regime where high electron mobilities are observed to be affected by the impurity and defect scattering resulting from ion doping [15] .
Since SrTiO 3 has been proposed as a potential phase to immobilize several radionuclides found in nuclear waste [11, 16] , many previous studies [6, [12] [13] [14] have focused on the kinetics of ion irradiation damage in SrTiO 3 at temperatures ranging from 100 to 400 K. These investigations demonstrated that SrTiO 3 is readily damaged below 370 K with all ions and that, depending on ion flux, the accumulation of irradiation damage induces a crystalline-to-amorphous transition. Although it has been shown that impurities and defect scattering resulting from ion doping limit high electron mobilities, especially those measured at low temperatures [15] , two investigations have determined the dose for amorphization in SrTiO 3 [9, 11] at temperatures down to 20 K, comparable to the present study. However, these investigations irradiated electron transparent thin films in a transmission electron microscope (TEM) and periodically characterized irradiation damage in situ by TEM techniques, and the surface of the thin foils acts as a strong sink for point defects. Rutherford backscattering spectrometry in channeling geometry (RBS/C) has also been employed to characterize damage accumulation and the dose for amorphization in single-crystal SrTiO 3 at temperatures from 150 to 400 K [10, 12] . The present paper utilizes in situ RBS/C to characterize damage accumulation in Arirradiated SrTiO 3 at 16 K. In order to provide new insights into irradiation damage kinetics in SrTiO 3 , a comprehensive damage accumulation model is fit to the data and discussed in comparison with previous ion channeling results from Ar-irradiated SrTiO 3 at 300 K. As expected, irradiation temperature has a major influence on microstructural evolution in irradiated SrTiO 3 , and the model indicates the suppression of thermal diffusional processes at 16 K. Ex situ TEM characterization was not performed because the microstructure formed under irradiation at 16 K will not be retained upon warming to room temperature.
Experimental methodology
For this study, epi-polished, h100i-oriented SrTiO 3 single-crystal substrates were obtained from MTI Corp (https://www.mtixtl.com/). Silver paste was used to fix the sample to the target holder, which provided good stability and thermal contact during cooling to 16 K. Argon ion irradiations and ion channeling analyses were performed at 16 K using the double-beam target chamber located at FriedrichSchiller Universität Jena [17] , which allows sequential irradiation and in situ ion channeling measurements without changing the temperature and the environment of the sample. Two SrTiO 3 substrates were irradiated with 200 keV Ar ions, and to minimize channeling effects during irradiation, the ion irradiations were performed at an angle of 7 degrees off the h100i direction. The ion flux was below 1.7 9 10 11 Ar ions cm -2 s -1 to prevent sample heating during irradiation, and the integrated ion fluence following each incremental Ar ion irradiation on the same area ranged from 0.05 to 1.0 Ar ions nm -2 (i.e., 0.05 to 1.0 9 10 14 Ar ions cm -2 ) on sample area 1 and from 1.0 to 4.0 ions nm -2 on sample area 2. The in situ RBS/C measurements were obtained with 2.4 MeV He ions at 16 K, prior to and following each incremental Ar ion irradiation step, to quantify the irradiation-induced disorder. Each RBS/C spectra required an average He fluence of 41 ions nm -2 , and the integrated He fluence was 206 and 289 ions nm -2 , for sample areas 1 and 2, respectively. We have confirmed in separate testing that these integrated He ion fluences do not cause measurable annealing of the irradiation-induced defects produced by the Ar ions.
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The power of this experimental approach resides in the fact that the thermal influences are suppressed by preventing sample heating between irradiation at 16 K and the RBS/C measurements, which allows for characterization of only ion-induced effects, especially during low-temperature irradiation of materials [17] .
The local, depth-dependent irradiation dose for a given ion fluence is reported in displacements per atom (dpa). The depth profiles of irradiation dose and implanted ions for 200 keV Ar ions in SrTiO 3 were determined using the Stopping and Range of Ions in Matter (SRIM) code [18] in full-cascade mode. In this simulation, the theoretical density for SrTiO 3 (5.118 g cm -3 ) was used, and threshold displacement energies of 45, 70 and 80 eV were assumed for O [19, 20] , Ti [21] and Sr [21] , respectively. The damage dose and Ar concentration profiles predicted by SRIM are provided in Fig. 1 , and peaks in dose and Ar concentration are centered at about 85 and 135 nm, respectively.
Experimental results
RBS/C spectra from SrTiO 3 irradiated at 16 K to different ion fluences are shown in Fig. 2a , along with the random equivalent and channeling spectra from the undamaged sample. All the channeling spectra were measured along the h100i axial orientation. The channeling spectrum from the undamaged crystal (blue open circles) reveals a small axial minimum yield (v min * 0.02 at about channel 425), which provides clear evidence of the single-crystal quality. The RBS/C spectra from the irradiated samples exhibit a rapid increase in the Sr and Ti yields with increasing ion fluence due to irradiation damage over the Ar ion depth of penetration. Up to a fluence of 1.0 nm -2 (red circles), RBS/C detects very little damage from atomic displacements; however, beyond this fluence, a well-defined damage peak is clearly visible for both the Sr (around channel 419) and Ti (around channel 340) sublattices. The damage peak increases rapidly with ion fluence until it reaches the random or amorphous level at a fluence of 3.0 nm -2 (local dose of * 0.21 dpa at damage peak), which is interpreted as the complete loss of crystallinity or transition to a fully amorphous state over the corresponding depth. Additional irradiation to an ion fluence of 4.0 nm -2 (peak dose of * 0.28 dpa) leads to broadening of the amorphous layer. Quantitative evaluation of disorder evolution from 200 keV Ar ions in SrTiO 3 necessitates extracting the relative disorder as a function of depth from the RBS/C spectra in Fig. 2a . An iterative procedure [13] is employed, and the resulting disorder profiles are shown in Fig. 2b . The relative disorder profile corresponding to each ion fluence is derived by normalizing the corresponding RBS/C spectrum relative to the amorphous (random) and undamaged spectra and subtracting the fraction of analyzing He ions that are dechanneled. Basically, this procedure determines the relative probability of scattering between the analyzing He ions and the displaced atoms and lattice distortion (e.g., caused by dislocation loops) that are directly proportional to the lattice ''imperfections.'' Under this approach, the relative disorder ranges from 0 for the undamaged state to 1.0 for the amorphous state. The depth scale (nm) of the profile is derived from the energy corresponding to each channel and the SRIM-predicted stopping power for He ions in SrTiO 3 [12] . The curve fits to the data (solid lines) are used to extract the peak relative disorder at each ion fluence. The disorder profiles shown in Fig. 2b provide a quantitative description of the change in disorder with both depth and ion fluence for evaluation of damage accumulation kinetics.
Discussion
The dependence of irradiation-induced disorder at the damage peak on ion fluence (N I ) and dose is shown in Fig. 3 for SrTiO 3 irradiated with 200 keV Ar ions at 16 K, along with previous results at 300 K [22] . The data reveal that the ion fluence (and dose) necessary to achieve a specific level of disorder decreases with decreasing irradiation temperature because of dynamic recovery suppression, which accelerates disorder accumulation in Ar-irradiated SrTiO 3 at 16 K until the relative disorder saturates at 1.0. Previous TEM and X-ray diffraction (XRD) investigations on nearly identical SrTiO 3 single crystals irradiated with 1 MeV Au [12] and 100 keV Ar [23] have unequivocally established that the formation of an amorphous state is associated with achieving a relative disorder level of 1.0 along the h100i direction.
As discussed and illustrated in detail elsewhere [24] , several different models can be employed to describe the damage accumulation and amorphization processes shown in Fig. 3 . Recently, three coupled differential equations [Eqs. (1)- (3)] (based on the model of Hecking et al. [25] ) had been utilized to describe damage accumulation kinetics and amorphization processes in SrTiO 3 irradiated at 300 K under similar conditions with a range of ions, including 200 keV Ar [22] . These equations are applied here to fit the 16 K data (see Fig. 3 ): 
Equation (1) describes the accumulation rate of the amorphous fraction of material, f a , with ion fluence, N I , as a result of the formation (or nucleation) of amorphous material, where r a is the cross section for direct impact amorphization and r as is the cross section for defect-stimulated amorphization from accumulation of defects and amorphous seeds, which may in part be related to the sensitization of SrTiO 3 to amorphization from thermal spikes due to the presence of defects [7, 8] . For convenient practical use, Weber [24] published exact analytical solutions to Eq. (1). In Eq. (2), the fraction of point defects, f pd , depends on point defect production with a cross section, r pd , and the loss of point defects to uncorrelated recombination with cross section, r r , to amorphization with cross sections, r a and r as , to incascade clustering with cross section, r c , and to cluster growth with cross section, r cs . Note that defect clusters are assumed to be small stable clusters, dislocation loops or misaligned crystalline regions. Based on previous results [22] , the sum of the point defect and cluster fractions is assumed to saturate at a value f s . The recombination of defect clusters is not allowed, unlike the case for point defects. Thus, the relative disorder or total damage fraction, f, as measured by RBS/C, is the sum of the point defect fraction, cluster fraction and amorphous fraction. The model fit parameters determined from fitting Eqs. (1)- (3) to the data in Fig. 3 , with f = f pd ? f c ? f a , are given in Table 1 , and the model fits are shown as solid curves in Fig. 3 .
At low fluences (\ 0.1 dpa and 0.2 dpa, respectively), the relative disorder at both 16 and 300 K exhibits a nearly linear increase with ion fluence (or dose) to about the same level of relative disorder (about 0.1), before rapid damage evolution to the fully amorphous state (see Fig. 3b ). This implies that there is a critical damage concentration (relative disorder of about 0.1) before the onset of rapid defectstimulated amorphization. At 16 K, the linear increase in disorder up to a fluence of 0.6 nm -2 (* 0.05 dpa) is associated primarily with the formation of point defects, which determines r pd , as well as a small contribution from the direct impact formation of small amorphous seeds, r a . At fluences above 0.6 nm -2 , the rapid increase in relative disorder at 16 K toward a fully amorphous state is due to defectstimulated amorphization, r as . At this temperature, the formation of defect clusters is not significant because of the large contribution of stimulated amorphization to the disorder. As a result, the contribution of defect clusters is not considered in the model fit at 16 K (i.e., r c = r cs = 0). This is not surprising because extended defect formation is generally negligible, except when ion irradiation is performed above the critical temperature, T C , above which full amorphization is inhibited. This is not the case in our study, since the critical temperature in SrTiO 3 is reported to be * 370 K [6, 12] , i.e., well above 16 K. Furthermore, one has to take into account that the intrinsic defects (vacancies or interstitials) are immobile at very low temperatures and only begin to become highly mobile at room temperature [10] . The immobility of defects at 16 K hinders both defect recombination within the primary collision cascade and long-range diffusional processes, which quenches recovery processes; thus, a rapid damage accumulation to amorphization with a significant decrease in the amorphization threshold is expected. The observed decrease in critical dose for amorphization in SrTiO 3 at 16 K, compared to that at 300 K, is consistent with the behavior described by Schrempel and coworkers [26] in LiNbO 3 irradiated with 350 keV Ar ions at 15 and 300 K. Based on in situ RBS/C, they found that irradiation of LiNbO 3 at 15 K leads to amorphization at much lower fluences than at 300 K. Compared to a previous in situ RBS/C determination of the critical amorphization dose in SrTiO 3 for irradiation with 1 MeV Au ions at In contrast to the Ar irradiation behavior at 16 K, experimental results and model fit parameters included in Table 1 reveal that in addition to point defect and amorphous seeds, defect clusters are also produced by Ar ions in SrTiO 3 at 300 K ( Table 1) . As shown and discussed previously [22] , the production and growth of defect clusters causes varying suppression of damage accumulation in SrTiO 3 under irradiation at 300 K, as both r a and r as decrease significantly with decreasing ion mass, and the model fit parameters for 200 keV Ar ions at 300 K in Table 1 are taken from this study for self-consistency. This implies that dynamic recovery processes, such as defect migration and defect clustering, are thermally activated at 300 K, leading to a reduced rate of damage accumulation. The decrease in r pd and r as (and consequential activation of r c and r cs ) at 300 K, compared to 16 K, is due to the increase in in-cascade recovery and defect clustering. The cross section r a describes the probability for stochastic in-cascade melting, and this probability increases with increasing temperature (i.e., less energy deposition required for melting), leading to increased melt volume per ion and the increase in r a at 300 K observed in this study. The increase in melt volume per ion with temperature has been confirmed in SrTiO 3 by MD simulations [27] . Nonetheless, the governing process for irradiation-induced amorphization in Ar-irradiated SrTiO 3 is defect-stimulated amorphization at both 16 and 300 K, since r as is much larger than r a in both cases. This is consistent with previous results for Au-irradiated SrTiO 3 [12] and with results for other ceramic single crystals (e.g., GaN [28] , SiC [29] , Ga 2 O 3 [30] , Sm 2 Ti 2 O 7 [31] and KTaO 3 [32] ) and seems to suggest a general trend in materials that undergo amorphization under irradiation with medium-energy ions.
Summary
The accumulation of irradiation-induced disorder in SrTiO 3 single crystals irradiated with 200 keV Ar ions has been investigated at 16 and 300 K. The damage accumulation exhibits a sigmoidal dependence on dose at both temperatures. A comprehensive damage accumulation model is fit to the data to reveal the evolution of defects and amorphization. The results unambiguously show that the amorphous transition shifts to higher ion fluence (and dose) with increasing irradiation temperature. The effect is attributed to dynamic recovery processes, such as defect migration and defect clustering, that are thermally activated at 300 K. The sigmoidal damage evolution is well described by three coupled differential equations, which are based on the Hecking model, and confirms that dominant mechanism for amorphization in SrTiO 3 is defect-stimulated amorphization. The model indicates that the buried irradiated layer consists primarily of point defects and amorphous pockets under Ar irradiation at 16 K, while defect clusters coexist with point defects and amorphous pockets under Ar irradiation at 300 K. These results confirm that 300 K is sufficient to activate defect migration processes that promote recombination of simple defects and facilitate aggregation of point defects into defect clusters in SrTiO 3 .
